Forest harvesting often increases catchment quickflow (QF, water delivered rapidly to the stream channel), a metric of high-flow events controlling a catchment's solute and sediment export. Nevertheless, our understanding of QF responses to various silvicultural strategies (e.g., clearcutting, selection harvest, and shelterwood harvest) is incomplete. We present a 31-year examination of QF delivery from treatment (clearcut, selection harvest, and shelterwood harvest) and control catchments in a deciduous forest landscape in central Ontario, Canada. Growing season root-zone storage capacity was estimated using a water balance approach to evaluate temporal changes in QF response to precipitation (P) for pretreatment and posttreatment periods. Threshold relationships between QF and P were assessed for control and treatment catchments for pretreatment and posttreatment periods using piecewise regression. Root-zone storage capacity demarcated shifts in the hydrologic regime arising from forest harvesting and subsequent regeneration. This was particularly pronounced for clearcutting where postharvest decline in root-zone storage capacity was followed by a rise to preharvest values. Similar pretreatment threshold relationships between QF and P, and near-identical P thresholds for producing significant QF, reflected similar soil and overburden depths in the catchments. Harvesting effects were indicated by increases in QF/P ratios for relative small P and the number of P events that generated QF, thus changing treatment QF vs. P threshold relationships.
The most common hydrological consequences of harvesting northern hardwood forests include reduced interception and evaporation, greater soil moisture content, and elevated streamflow, with the largest relative increase in the summer growing season (Hornbeck, Martin, & Eagar, 1997) . These changes may also be accompanied by greater quickflow (QF) volumes (Hewlett & Helvey, 1970) , where QF is water delivered rapidly to the stream while delayed flow (DF) is discharge supplied more slowly (Hendriks, 2010) . QF provides a metric of highflow events that can be important in solute (e.g., Godsey, Kirchner, & Clow, 2009 ) and sediment (e.g., Lewis, Mori, Keppeler, & Ziemer, 2001 ) export from catchments, and Hewlett and Helvey (1970) argued that increases in QF volumes following forest harvesting "are the real link in the forest-flood question" (p 777). While the most dramatic changes in QF delivery from catchments have occurred following clearcutting (e.g., Swank, Swift, & Douglass, 1988) , we have an incomplete understanding of QF responses to other silvicultural strategies (e.g., selection harvest and shelterwood harvest).
It is generally assumed that shifts in QF are greatest immediately following harvesting and that the response diminishes as vegetation re-establishes itself (e.g., Swank et al., 1988) . This behaviour has been referred to as hydrologic recovery-the restoration of hydrologic characteristics to near predisturbance conditions via forest regeneration (Hudson, 2000) . There is no agreement on the best indicator to be used to assess whether hydrologic recovery has occurred (Buttle et al., 2018) ; nevertheless, a promising approach has been suggested by Nijzink et al. (2016) . It is based on the assumption that as part of its adaptation to its environment, vegetation will create a root-zone storage capacity (the ability to store water inputs to the soil surface within the rooting zone of the soil profile) to provide it with sufficient water for its survival in the face of hydrological variability (de Boer-Euser, McMillan, Hrachowitz, Winsemius, & Savenije, 2016) . Gao et al. (2014) demonstrated how a water balance approach can define the catchment's root-zone storage capacity, while Nijzink et al. (2016) used this method to detect a sharp decline in root-zone storage capacity (i.e., wetter soils with a limited ability to store more input water) following deforestation in two forested catchments in the United States, succeeded by a gradual recovery. This was consistent with an initial increase in soil wetness following harvesting that declined as evaporation from the catchment increased with forest regrowth. de Boer-Euser et al. (2016) suggested that root-zone storage capacity provides a buffer to storm response, thereby exerting its greatest control on the fast-responding components of catchment outflow such as QF. Thus, temporal changes in root-zone storage capacity following forest harvesting may help explain variations in the ability of the catchment to generate QF.
In addition to its potential response to forest disturbance and recovery, QF may represent a hydrologic metric demonstrating threshold behaviour, where a catchment's ability to generate QF depends on whether such factors as antecedent catchment wetness or the amount of water input exceed critical values. Such thresholds can indicate where runoff increases markedly due to a dependence on antecedent water storage and/or a disproportional response to water inputs to the catchment (Ali et al., 2015) . Threshold values are often assumed to represent the point at which soil water storage demands are met and hydrologic connectivity is sufficiently established in the catchment to allow water from the hillslopes to reach the stream channel (Detty & McGuire, 2010; Penna, Tromp-van Meerveld, Gobbi, Borga, & Dalla Fontana, 2011) . Thus, rain falling on a catchment below some threshold of event size and/or antecedent wetness will produce little or no stormflow, while stormflow will increase with rainfall depth for events exceeding the threshold (Scaife & Band, 2017) . Such threshold changes in QF response to rainfall have been characterized as examples of emergent hydrologic behaviour, since they may indicate dynamic changes in the hydrologic processes driving runoff generation in the catchment (Detty & McGuire, 2010) .
Detection of threshold behaviour in runoff response can be valuable from several perspectives. Ali et al. (2013) suggested that identification of runoff thresholds may assist in water management and in assessing streamflow regimes, Detty and McGuire (2010) highlighted the benefit of such thresholds in identifying shifts in dominant processes such as between deeper subsurface matrix flow and nearsurface preferential flow, while Ali et al. (2015) saw thresholds as a useful means of comparing catchments and assisting in model calibration and validation. Examples of studies examining catchment-scale threshold runoff response include Detty and McGuire's (2010) study of the strong threshold relationship between QF from the WS3 catchment at Hubbard Brook, NH, and gross precipitation combined with an antecedent soil moisture index. Graham and McDonnell (2010) found a distinct threshold in storm runoff-precipitation relationships at the HJ Andrews Experimental Forest in western Oregon when events with >10 days of antecedent drainage were considered. Scaife and Band (2017) identified thresholds in runoff response from forested catchments at Coweeta, NC, and indicated that variations in such thresholds during the growing season at annual and decadal time scales may be attributed to forest canopy response to water stress.
Approaches to identifying hydrologic thresholds of runoff or QF can be separated into qualitative and quantitative methods. Several studies have identified thresholds visually based on plots of runoff vs. water input and/or storage, such as Detty and McGuire (2010) for a forested catchment at Hubbard Brook and Graham and McDonnell (2010) for five forested catchments at the HJ Andrews Experimental Forest. Ali et al. (2015) estimated thresholds based on the clearest break in slope or slope change in input-output scatter plots for experimental catchments in the circum-boreal region, acknowledging that this visual assessment approach is highly subjective. Quantitative approaches included Oswald, Richardson, and Branfireun's (2011) use of piecewise regression to estimate the break point in relationships between streamflow and various metrics of storage in a forest catchment in northwestern Ontario. They argued that such an approach provides an objective quantification of the point of transition between distinct hydrologic regimes in the catchment. Scaife and Band (2017) contended that piecewise regression provides a consistent means of testing for thresholds in their analysis of relationships between stormflow and combined rainfall and antecedent wetness for catchments at Coweeta. They concluded that the thresholds, as well as the slopes of regression lines below and above the break point, assist in understanding the controls on shifts between slow and fast stormflow generation with increasing input and antecedent wetness.
The objective of this study is to examine the effects of different forest harvesting treatments (clearcutting, selection harvesting, and shelterwood harvesting) and vegetation recovery on QF response during the growing season in a northern hardwood forest. In particular, we assess the following:
1. Whether forest harvesting produced a decline in root-zone storage capacity followed by a subsequent increase with forest regrowth.
2. Whether catchments exhibited threshold QF response prior to harvesting, and whether that response changed following harvesting.
3. Whether the postharvest QF response differed between silvicultural treatments. (Rowe, 1972) of the Boreal Shield Ecozone in the Algoma region of central Ontario. A detailed description of the study site, silvicultural treatments, and experiment design is provided in Buttle et al. (2018) ; the following is a brief summary of those details. The TLW has a total relief of~300 m, and a mean annual precipitation is 1,189 mm (Semkin et al., 2012) , of which 35% falls as snow (Beall, Semkin, & Jeffries, 2001 ).
Regional bedrock is Precambrian metamorphic basalt (silicate greenstone) with some granitic outcrops, covered by thin discontinuous two-component till: bouldery silt loam ablation till overlying compacted sandy loam basal till (Hazlett, Semkin, & Beall, 2001) .
Hillslope soil cover is orthic humo-ferric podzols (spodosols) with well-defined L and F (Oi and Oe) horizons (Hazlett et al., 2001) , while organic soils occupy depressions and riparian areas (Creed, Beall, Clair, Dillon, & Hesslein, 2008) . The TLW has a mature shade-tolerant hardwood forest cover of sugar maple (Acer saccharum Marsh., 90%), yellow birch (Betula alleghaniensis Britton; 9%), and various conifers (1%) (Jeffries, Kelso, & Morrison, 1988) .
| Silvicultural treatments and streamflow measurements
Catchments were harvested in late summer-fall of 1997 using differing silvicultural systems followed by natural stand regeneration.
Catchment characteristics for treatment and control catchments are given in Table 1 . The LFH and ablation till layer thicknesses as well as ablation till textures are similar for slope positions within and between catchments (Table 2 ). Control catchments were selected based on their similar size, morphology, and proximity relative to a given treatment catchment. Data on preharvest and postharvest basal area and stocking are shown in Figure 2 . Catchment c31 was clearcut using a diameter limit cut in which all trees >20-cm diameter were felled, delimbed, and removed, and all trees 10-to 20-cm diameter were felled and left on site. Catchment c33 was harvested using single-tree selection, an uneven-aged system involving removal of mature and undesirable trees. A forest harvest access road paralleled the stream in c33 for about 750 m, and runoff culverts were oriented toward the stream channel. An even-aged uniform shelterwood
FIGURE 1
The Turkey Lakes Watershed, study catchment and meteorological station system was used in c34, where~50% of mature trees were harvested with residual trees providing a shelter. Selection and shelterwood harvesting are accepted silvicultural systems for shade-tolerant hardwood forests in Ontario (OMNRF, 2015) and elsewhere in eastern North America (Wang, Burns, Yanai, Briggs, & Germain, 2006) ; clearcut harvesting was undertaken to maximize hydrological and biogeochemical disturbance experimentally rather than to simulate actual commercial harvesting (Monteith et al., 2006) . Greatest relative reductions in basal area and stocking were in c31 relative to the other treatments (Figure 2 ). Basal area was reduced by 78%, 36%, and 38%, while stocking was reduced by 76%, 43%, and 32% in c31, c33, and c34, respectively.
Harvesting was by mechanical harvester and cable skidders. Limbs were removed on site, and tree-length stems were forwarded to roadside landings by rubber-tired skidders. Logging occurred to stream sides; however, operators followed the Riparian Code of Practice for Ontario, which prohibits machinery use and tree felling within 3 m of stream edges except at designated stream crossings. Other best management guidelines were followed (see Buttle et al., 2018 for details) .
Streamflow from all catchments was obtained from stagedischarge relationships developed using 90°V-notch weirs, stilling wells, and Stevens A-71 water-level recorders ).
Weirs were installed down into the basal till to capture all flow from the catchments; however, it is possible that some deep groundwater may bypass the weirs.
| METHODS

| Streamflow and precipitation data
Daily streamflows were obtained from three control (c32, c35, and c46) and three treatment (c31-clearcut, c33-selection, and c34-shelterwood) catchments. We focused on the May 1 to October 31 period for each year, which represents the period from leaf-out to senescence at TLW. This avoids complications association with the snow-covered period at TLW and the challenge in estimating snowmelt inputs to the catchments (e.g., Ali et al., 2015) . example for c32 ( Figure 3d ) because streamflow did not rise faster than the slope of the separation line. The QF portion of hydrograph was integrated for each event and expressed as an equivalent depth relative to catchment area. Total QF depth for the May 1 to-October 31 period, total QF as a fraction of total runoff, and total number of QF events for preharvest and postharvest periods were recorded. Precipitation (P) depth associated with each event that generated QF from at least one of the catchments was obtained from daily P measurements at the TLW meteorological station. Precipitation was summed for the period from 1 day prior to the initiation of QF to the last day where QF was generated for a given event. QF/P ratios were calculated for each event that generated QF from at least one of the catchments.
Only those events with QF/P less than 1 were retained, since values greater than 1 were assumed to indicate errors in estimated QF, estimated event P or both.
| Root-zone storage capacity
Root-zone storage capacity (S R ), the depth of water that needs to be stored in the catchment to provide vegetation with continuous access to water during a specified time period, was estimated following Nijzink et al. (2016) . Interception capacity (I max , L) of the forest cover was initially assumed in order to determine effective precipitation P e (L/T) from the water balance equation for interception storage:
where S i (L) is interception storage, P is precipitation (L/T), and E i is interception evaporation (L/T). P e and E i are solved using
where E p (L/T) is potential evaporation, estimated using the Hargreaves and Samani (1982) I max is not known for forest cover at the TLW, so Equation (3) was solved assuming that I max ranged from a minimum of 1 mm to a maximum of 5 mm. Nijzink et al. (2016) used these values when solving for S R at Hubbard Brook, New Hampshire, with a northern hardwood forest similar to that at TLW. Daily actual evaporation E t (t) (L/T) was estimated by scaling daily E p using the annual actual E t and annual E p
E tannual was estimated from the annual water balance assuming no storage changes and/or data errors:
where R annual is annual catchment runoff. The influence of interannual changes in storage within the catchments was minimized by using 2-year running mean values for E tannual , E Pannual , P eannual , and R annual to minimize the influence of inter-annual changes in storage within the catchments, similar to Nijzink et al.'s (2016) use of the 2-year water balance.
S R for the May 1 to October 31 period of each year was obtained from Note. Properties were obtained from surveys conducted on a 100 m × 100 m grid within each catchment (unpublished data from P Hazlett).
a Number of samples taken to determine mean LFH and ablation till thickness.
b Number of samples taken to determine texture of ablation till.
S R ¼ max∫
October 31 May 1
Temporal changes in annual S R values were assessed following Nijzink et al. (2016) , where a linear regression of double mass curves of cumulative S R from a treatment catchment vs. cumulative S R from a control catchment was performed, and the residuals and cumulative residuals were plotted in time. Break points were visually identified in the latter and were used to estimate shifts in the treatment catchment's hydrological regime relative to that of the control catchment. 4 | RESULTS
| Rainfall
The largest preharvest rainfall event that generated QF during the May 1 to October 31 period was 133.8 mm, while the largest postharvest event was 148.6 mm. There was no apparent change in the frequency distributions of 1-and 2-day rainfalls between preharvest and postharvest periods; thus, any changes in the size or number of QF events from the catchments following harvesting were likely not the result of shifts in the size of rainfall events.
4.2 | Root-zone soil moisture capacity (Blume, Zehe, & Bronstert, 2007) . Nevertheless, total QF for the May 1 to Oct 31 period was strongly correlated with direct runoff estimated using a one parameter digital filter approach to hydrograph separation reported in Buttle et al. (2018) for the TLW catchments.
Pearson correlations between QF and direct runoff ranged from 0.89 (c35) to 0.96 (c46), and all correlations were significant at p < 0.001.
This suggests that other hydrograph separation techniques would lead to results similar to those reported here.
There were marked intercatchment differences in total runoff, total QF, QF as a fraction of runoff, and number of QF events generated during May 1 to October 31 prior to harvest (Table 3) . Catchment c46 was the most effective of all the controls in generating runoff, QF, and number of QF events. This may reflect the higher elevation of c46 (Table 1) , and the orographic effect on precipitation noted at TLW (Semkin et al., 2012) means that c46 generally receives more precipitation than the other catchments. Till thickness may be <1 m, and bedrock exposures are common at higher elevations in the TLW (Jeffries et al., 1988) , which may also account for greater QF from c46 relative to the other catchments. Treatment catchments were more similar in terms of the number of QF events they generated during the preharvest period compared to the controls.
Total QF depth and number of QF events declined for all catchments during the postharvest period. This was not solely a function of the shorter postharvest period relative to the preharvest period but likely also reflects reduced postharvest annual precipitation and increased evaporation documented by Buttle et al. (2018) . Increased evaporation during the latter part of the study driven by a warming climate would counteract the reduction in evaporation from the treatment catchments due to canopy removal, which would help to diminish the effects of forest harvesting on QF response. Given that there was no apparent change in the frequency of large 1-day or 2-day rainfalls, it appears that such rains were falling on drier catchments during the postharvest period, resulted in decreased QF production. As with the preharvest period, c46 experienced more QF events than the other control catchments; this was particularly the case during the 1997-2005 subperiod.
All treatment catchments produced more runoff during the There was a general increase in QF with P during the preharvest and postharvest periods for all catchments (Figures 8 and 9 ). However, there was considerable scatter in the QF vs. P relationships, and some catchments often failed to generate QF for events producing a QF response from other catchments. The scatter likely results from interevent variations in such factors as peak rainfall intensities and antecedent catchment wetness. We do not have rainfall intensity data for TLW, while attempts to represent antecedent catchment wetness using an antecedent rainfall index of the type suggested by Dingman (2002) or by characterizing antecedent wetness using mean daily runoff on the day preceding QF generation did not reduce the scatter appreciably (data not shown).
| QF/P vs. precipitation depth
There were very few instances where QF/P ratios exceeded 1 and had to be removed from subsequent analyses: two of 211 events that generated QF for c31, one of 115 events that generated QF for c32, one of 100 events that generated QF for c35, and none for the remaining catchments. There was considerable variability in QF/P ratios for both preharvest and postharvest periods for all catchments (Figure 10 ). Nevertheless, QF/P tended to increase with P, suggesting an increase in the QF contributing area for larger P events consistent with the Variable Source Area conceptual model (Dingman, 2002) . Larger P events likely produced a greater rise in near-stream water table levels and expansion of saturated areas, promoting increased discharge of subsurface flow as well as enhanced generation of saturation overland flow.
Postharvest QF/P ratios for the control catchments were generally within the range of preharvest values. However, postharvest QF/ P ratios in c31 (and to lesser extent in c33 and c34) for relatively small Table 3 ) and the break point value during the preharvest period, indicating that QF from catchments with larger break points was more responsive to rainfall depths above the break point.
| Piecewise regression results
Many rainfall events below the break point failed to generate any QF during the preharvest period. The % of events generating no QF relative to the total number of rainfall events below the break point for each catchment ranged from 17% (c31) to 68% (c35).
Control catchments c32 and c35 continued to exhibit this behaviour FIGURE 6 Cumulative residuals from the best-fit lines shown in Figure 5 for treatment vs. control catchments. The dashed vertical line indicates year of harvesting (1997). Postharvest turning points in the cumulative residual plots are indicated with arrows postharvest; however, control catchment c46 showed a significant QF vs. P relationship below the break point postharvest. In all cases, the break point for the control catchments during the preharvest period was less than that for the postharvest period; however, differences were not significant (p > 0.05).
All treatment catchments showed a significant QF vs. P relationship for smaller P events detected using piecewise regression was confirmed by regressing QF against P for all postharvest P events below the preharvest break point. In all cases, the slope of the regression line was significant at p = 0.05. (Figure 2) . Nijzink et al. (2016) showed that clearcutting in two US catchments led to a reduction in S R and a subsequent increase, which they attributed to an initial reduction in transpiration followed by subsequent increases with vegetation recovery. Root-zone storage capacity for c33 did not increase postharvest despite a slight rise in basal area and a more pronounced increase in stocking. This may reflect the presence of a forest access road in the catchment, which appeared to divert hillslope runoff through culverts to the stream channel (Buttle et al., 2018) . This would have increased runoff from c33 during the postharvest period above that expected based on the reduction in forest cover, thus reducing both ET annual and S R via Equations (5) 
| Preharvest threshold relationships between QF and precipitation
All catchments showed a similar threshold behaviour prior to harvesting, where events of 35-45 mm in size were needed to begin to generate appreciable amounts of QF (Table 4) . These values are similar to that reported for rainfall-triggered QF events for a forested catchment in the Dorset region of south-central Ontario (~50 mm of rainfall; Ali et al., 2015) and for forested catchments at the HJ Andrews Experimental forest in western Oregon (~50 mm of rainfall for events with greater than 5-day antecedent drainage time; Graham & McDonnell, 2010) . The increase in slope parameters from below-to abovethreshold rainfalls (Table 4 ) may reflect a shift between slow and fast runoff processes in the catchment (Scaife & Band, 2017) with increasing input. Ali et al. (2015) suggested that intercatchment differences in rainfall thresholds are controlled by such catchment characteristics as mean soil depth and overburden depth. Thus, the near-identical threshold P values needed to produce significant QF across all catchments may reflect their similar soil and overburden depths (Table 2) .
Some rainfall events could generate QF below the threshold represented by these break points (Figures 8 and 9) , likely via the FIGURE 10 Quickflow: precipitation ratios (QF/P) relative to P depth for treatment and control catchments for the preharvest and postharvest periods as well as the 1997-2005 postharvest subperiod (black filled symbols). The dotted line for c31 indicates the upper envelope of preharvest QF/P values production of saturation overland flow from wetlands and riparian areas in the catchments (Table 1) . Nevertheless, there was often no QF for rainfalls below the preharvest break points identified in the piecewise regression analysis. This form of threshold behaviour was characterized as a hockey stick shape by Ali et al. (2013) and has been observed in other forest catchments where the slope of the relationship between stormflow and rainfall or rainfall combined with antecedent wetness is either 0 (e.g., Detty & McGuire, 2010; Graham & McDonnell, 2010) or slightly above 0 (e.g., Scaife & Band, 2017) below the break point. The ability of piecewise regression to capture the strength of the relation between QF and P in control and treatment catchments (as indicated by the adjusted R 2 values in Table 3 ) was similar to R 2 values reported by Oswald et al. (2011) for discharge-storage relationships in a forest catchment in northwestern Ontario but slightly lower than those found by Scaife and Band (2017) for stormflow vs. rainfall plus antecedent wetness in Coweeta.
The positive relationship between m 2 values (Table 4 ) and break points during the preharvest period was previously noted by Scaife and Band (2017) at Coweeta. It implies enhanced QF generation from catchments with larger break points for rainfall inputs above the threshold. The reasons for this are unclear, and the m 2 values during the preharvest period were not associated with the catchment characteristics given in Table 1 . Graham and McDonnell (2010) suggested that the slope of the relationship between stormflow and rainfall above the threshold rainfall depth depends on factors such as leakage through underlying bedrock, subsurface storage volume, antecedent drainage, and evaporation, such that increases in any or all of these factors should reduce slope values. The TLW catchments likely experienced similar antecedent drainage and evaporation during the preharvest period and have similar ablation till thicknesses (Table 2) ; nevertheless, intercatchment differences in drainage through the underlying basal till may help to explain the break point-m 2 relationship. It would also be useful to examine whether other catchment characteristics of the type examined by Penna et al. (2011) and Oswald et al. (2011) , such as extent of the catchment riparian zone and depth to bedrock, can assist in explaining this relationship.
| Postharvest threshold relationships between QF and precipitation
There was a change in the nature of the threshold relationship between QF and P for control and treatment catchments between the preharvest and postharvest periods; however, the nature of the change differed. For the control catchments, there was an increase in the break point value from preharvest to postharvest periods (Table 4) . While not statistically significant, this increase is consistent with the generally drier conditions during the postharvest period (as indicated by decreased baseflow; Buttle et al., 2018) and the need for greater rainfall input to generate QF from the controls. Ali et al. (2015) hypothesized that increased evaporation (as represented by air temperature) may result in a higher critical water input value required to generated significant QF based on results from experimental catchments in the circum-boreal region. Conversely, the treatment catchments showed increases in QF response to increasing P during the postharvest period for events below the preharvest P threshold.
These increases were driven to some extent by increases in the amount of QF generated for a given input, as shown by enhanced postharvest QF/P ratios from the treatment catchments, particularly c31 ( Figure 10 ).
Overlap between preharvest and postharvest QF values above the preharvest break points in Figure 9 indicates that harvesting did not change the ability of the treatment catchments to produce QF during large P events (≳50 mm). This aligns with Buttle et al.'s (2018) observation that forest harvesting did not appear to increase annual peak discharge from the treatment catchments; however, it is important to note that peak discharges at TLW generally occur during spring snowmelt rather than the May 1 to October 31 period examined here. Instead, increases in QF were confined to relatively small P events (<40 mm) and were most pronounced for c31. This contrasts with Hewlett and Helvey's (1970) Band's (2017) study of threshold behaviour at Coweeta. They noted that reduced evaporation during the dormant season (equivalent to the harvested condition) led to higher soil moisture and greater runoff sensitivity to rainfall, whereas plant water uptake during the growing season (equivalent to the preharvest condition) altered subsurface flows and hillslope connectivity. Our findings are also consistent with Patric and Reinhart (1971) , who found that reduced evaporation following harvesting in two catchments in West Virginia led to higher soil moisture contents (and thus reduced S R ) and increased peak flows during the growing season.
The change in the postharvest threshold relationship between QF and P in the treatment catchments appears to have been driven by both increased postharvest QF/P ratios from the treatment catchments for smaller rainfall events and the greater number of QF events generated from the treatment relative to the control catchments (Figure 7c ), This accords with wetter soils and higher water table levels associated with significant increases in baseflow observed from treatment catchments relative to the controls during the postharvest period (Buttle et al., 2018) . Monteith (2003) examined the depth to the potentiometric surface for piezometers installed in the basal till in c31 and c32 during the 2001 snowmelt (4 years after harvesting).
When piezometers were standardized based on their ln(α/tanβ) topographic index value (Beven & Kirkby, 1979 , where α is upslope contributing area per unit contour and β is local slope angle), she found a higher potentiometric surface in c31 relative to c32 for piezometers with similar topographic index values. This suggests enhanced hydrologic connectivity between slopes and the stream channel in c31 (Sidle et al., 2000) , coupled with greater lateral flow velocities as the rise of saturated conditions in c31 into more conductive topsoil (Monteith et al., 2006) increased effective soil hydraulic conductivity via the transmissivity feedback mechanism (Bishop, Seibert, Köhler, & Laudon, 2004; Detty & McGuire, 2010) . This would serve to increase the number of rainfall events that generated QF, as well as the fraction of that rainfall that became QF.
| Differences in QF response to harvesting between treatments
The increase in postharvest QF/P ratios for small events combined with a greater number of QF events resulted in a general rise in total postharvest QF depth from treatment catchments relative to control catchment c32 and to a lesser extent c35 (Figure 7b) . Differences in the ratio of treatment: control total QF between postharvest and preharvest periods ranged from 0.3 (c31 vs. c35) to 1.0 (c33 vs. c32), with an average increase in the treatment: control ratio of 0.41. This exceeds the 10-17% increases in total QF reported by Swank et al. 5.6 | Implications of harvesting effects on QF production at TLW Scaife and Band (2017) reported shifts in threshold behaviour and linear stormflow response that they attributed to feedback in forest evaporation rates at seasonal and interannual time scales. Our results suggest that forest harvesting and recovery can produce similar shifts, and the increased number of QF events for small P inputs postharvest may have implications for solute and sediment delivery from the treatment catchments. Harvesting of northern hardwood forests has been shown to result in enhanced delivery of nutrients (e.g., NO 3 − and K + )
to the stream channel (Martin, Hornbeck, Likens, & Buso, 2000) . Forest harvesting has also been shown to increase the routing of hillslope runoff via surface and near-surface pathways at TLW (Buttle et al., 2018) , and increased numbers of QF events following harvesting may assist in nutrient transport. Harvesting of northern hardwoods may also produce a short-term increase in sediment yields (Martin et al., 2000) . Kreutzweiser and Capell (2001) 
| CONCLUSION
We examined the effect of different silvicultural treatments (clearcutting, selection harvesting, and shelterwood harvesting) on the QF response from headwater catchments during the growing season in a northern hardwood forest landscape. The major findings are as follows:
1. The root-zone storage capacity (S R ) metric could be used to demarcate shifts in hydrologic regime, in both response to forest harvesting and forest regeneration. An initial decline in S R in the clearcut treatment following harvesting was followed by a rise
to preharvest values that appears to be linked to an increase in the stocking density of pioneer species in the catchment.
However, the hydrologic effect of a forest access road obscured the response of S R to harvesting and subsequent recovery in the selection treatment, suggesting that caution be used when attempting to interpret temporal changes in S R values in the context of forest recovery.
2. All catchments exhibited a threshold relationship between QF and P during the preharvest period. The preharvest threshold P needed to produce significant QF was roughly equal across all catchments, reflecting their similar soil and overburden depths.
Increases in threshold P relative to preharvest values for the control catchments, while not statistically significant, were consistent with decreased P, enhanced evaporation and by extension drier conditions during the postharvest period. Thus, threshold P values may provide a useful metric for comparing intercatchment differences in storage properties related to QF generation, as well as how those properties may shift under changing climatic conditions.
3. Harvesting effects on QF production were manifested in increases in both QF/P ratios for relative small P events and the number of P events that generated QF. This led to a change in the threshold relationship between QF and P following harvesting: whereas prior to harvesting there was no significant increase in QF with P below a 35-45 mm P threshold, there was a significant postharvest relationship between QF and P below this threshold for all treatments. This change in QF vs. P relationships for relatively small rainfall events in turn has implications for nutrient and sediment export from harvested catchments.
4. We found inconclusive evidence of differences in the response of total QF depth to the various silvicultural treatments. Nevertheless, it appears that clearcutting resulted in the most pronounced increase in number of QF events produced during the entire postharvest period and the first 9-year postharvest compared to the other treatments. In all cases, the number of QF events during 5. Threshold behaviour has been framed as an example of an emergent catchment response to precipitation inputs. Our work suggests that such behaviour, combined with an understanding of the physical processes that underlie it, provides a useful means of evaluating the hydrologic response to forest harvesting.
